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Abstract

We pertormed optical studies of organic dve doped glasses and rare earth ion
doped glasses. We doped several organic dyes in boric acid. sucrose and polycarbonate
hosts and detected phase conjugate signals tfrom all these samples. Sucrose samples are
hyvaroscopic and hence are usetul tor characterizing dves only Boric actd samples were
damaged even at moderate laser powers. On the other hand polvcarbonate samples could
withstand high input powers and hence will be useful in device applications. Styry! 7
doped boric acid sample exhibited several interesting nonlinear optical phenomena and
was also found to be usetul tor long-term/permanent information storage due to
photochemical effects undergone by the excited molecules. PC signals in Pyridine 1 dye
doped samples exhibited oscillations (period ~hour) which was found to be due to
thermal effects/large Stokes shitt in the emission. DCM and R110 doped boric acid
samples are found to be chemically stable even after three years. We measured third
order susceptibilities of DCF. DCM. RI10, AY and R6G doped samples. We
experimentally  demonstrated  that  excited  state  absorption  alters  the
transmission/saturation characteristics of the dves in condensed media. These results
have been published in three journal papers.

We made ditferent glasses like Sulfates, borates, silicates, borosilicates and
multicomponent oxide glasses doped with rare earth tons.  Sulfate glasses were
hvgroscopic, binary and ternary borate glasses tried by us were found to be brittle and
silicate glasses required very high temperatures. We investigated borosilicates and
multicomponent oxide glasses doped with Nd3* and Er3% ions. In borosilicate host, we
detected very weak violet emission from the L levels of Nd3* in the region 380-460 nm
at liquid nitrogen temperature. when its E levels were resonantly excited with 514.5 nm.
In Er3™ doped borosilicate we detected very weak green emission from the E levels, at
room temperature. when its B levels were resonantly excited with ~797 nm. However in
a multicomponent oxide glass doped with Er3™ we detected intense green emission at
room temperature from the E levels of Er3* when its B levels were excited with a near
infrared laser beam. When the D state (or phonon coupled levels of B state) of Ho3% in
LaFy were resonantly excited with 636 nm (or 800 nm) we detected green and blue
upconverted emission trom the I (3S~) and F(F3) levels at 546 and 485 nm and at 416
nm from the J(3Gs) levels When the LaF3Pr3™ was irradiated with 805 nm we
detected very strong green eimission at 40 nm and broad emission at 491 and 5321 nm.
When either the D or S levels of Nd? 7 were resonantly excited with a 580 nm or 800
nm. we detected upconverted violet emission trom the L levels in CaF. SrFa. BaFa and
LaF3.  Some of the results are in the process of communication and work is in progress
on some systems. We are expecting at least four journal pares trom our work on rare
carth materials.
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2. Objective

The goal of the work is to synthesize glass materials with known
organic and inorganic impurities and to analyze them for nonlinear optical
behavior and energy upconversion.

3. Abstract

We performed optical studies of organic dye doped glasses and rare
earth ion doped glasses. We doped several organic dyes in boric acid,
sucrose and polycarbonate hosts and detected phase conjugate signals from
all these samples. Sucrose samples are hygroscopic and hence are useful for
characterizing dyes only. Boric acid samples were damaged even at
moderate laser powers. On the other hand polycarbonate samples could
withstand high input powers and hence will be useful in device applications.
Styryl 7 doped boric acid sample exhibited several interesting nonlinear
optical phenomena and was also found to be useful for long-
term/permanent information storage due to photochemical effects
undergone by the excited molecules. PC signals in Pyridine 1 dye doped
samples exhibited oscillations (period ~hour) which was found to be due to
thermal effects/large Stokes shift in the emission. DCM and R110 doped
boric acid samples are found to be chemically stable even after three years.
We measured third order susceptibilities of DCF, DCM, R110, AY and R6G
doped samples. We experimentally demonstrated that excited state
absorption alters the transmission/saturation characteristics of the dyes in
condensed media. These results have been published in three journal
papers.

We made different glasses like Sulfates, borates, silicates,
borosilicates and multicomponent oxide glasses doped with rare earth ions.
Sulfate glasses were hygroscopic, binary and temary borate glasses tried by
us were found to be brittle and silicate glasses required very high
temperatures. We investigated borosilicates and multicomponent oxide
glasses doped with Nd** and Er3* ions. In borosilicate host, we detected
very weak violet emission from the L levels of Nd3* in the region 380-460
nm at liquid nitrogen temperature, when its E levels were resonantly excited
with 514.5 nm. In Er3* doped borosilicate we detected very weak green
emission from the E levels, at room temperature, when its B levels were
resonantly excited with ~797 nm. However in a multicomponent oxide




glass doped with Er* we detected intense green emission at room
temperature from the E levels of Er3* when its B levels were excited with a
near infrared laser beam. When the D state (or phonon coupled levels of B
state) of Ho3* in LaF, were resonantly excited with 636 nm (or 800 nm) we
detected green and blue upconverted emission from the E (5S,) and F(°F,)
levels at 546 and 485 nm and at 416 nm from the J(5G;) levels. When the
LaF,:Pr* was irradiated with 805 nm we detected very strong green
emission at 540 nm and broad emission at 491 and 521 nm. When either
the D or S levels of Nd3* were resonantly excited with a 580 nm or 800 nm,
we detected upconverted violet emission from the L levels in CaF,, SrF,,
BaF, and LaF;. Some of the results are in the process of communication
and work is in progress on some systems. We are expecting at least four
journal pares from our work on rare earth materials.

4. Introduction to Rare Earth Spectra

Rare earth ions doped in solids are useful in the laser development
and hence have been investigated thoroughly. In addition these materials
are useful to upconvert energy. That is, when the materials are exposed to
low energy radiation (infrared) they emit high energy radiation (visible).
Rare earth ionic spectrum is the result of electronic transitions within the fo
electronic configuration!. These are forbidden transitions but weakly
allowed due to crystal field mixing of the wave functions of 4f» with those
of 4f+15d at noncentrosymmetric sites.  The oscillator strengths of the
radiative transitions are ~10- and the energy levels have long lifetimes and
hence the spectral lines are sharp. Excited ions relax radiatively and
nonradiatively23. The nonradiative relaxation is of two types (1) multi-
phonon relaxation and (2) ion-ion interaction. The former depends on the
energy gap between the energy levels and the cut-off phonon frequency of
the host lattice2. The latter depends on the inter ionic separation and the
nature of coupling between the ions?. The nonradiative relaxation limits the
quantum efficiency of the energy levels. Because of the dense energy level
structure (Fig.1) of the rare earth ions sometimes a laser that is resonant
from the ground state is also resonant from the excited state. Hence it is
possible to upconvert energy through excited state absorptions. Also, two
excited ions may undergo energy transfer interaction to produce
upconverted energy’. The upconverted levels are also subjected to
nonradiative relaxation as explained above which limits the upconversion
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efficiency. Our aim is to make glasses doped with rare earth ions and
pursue efficient upconversion phenomena in them.

5. Preparation of Inorganic Glasses

We tried to make different types of glasses like sulfates, borates,
silicates, borosilicates and multicomponent oxide glasses. Each glass has
certain advantages and disadvantages.

(a) Sodium borosilicate glass preparation

Because the binary silicate glasses were highly viscous, we resorted
to making borosilicate glasses. For this purpose we chose a ternary
component glass: Sodium borosilicate glass. We have thoroughly mixed
appropriate quantities of Na,CO;, SiO,, and H;BO, and then poured into an
aluminum crucible and heated in a box furnace at 800 °C for two hours and
then at 1350 °C for another two hours in ambient atmospheric conditions.
At such a high temperature these chemicals were known to oxidize. The
melt was then poured into an aluminum mold and then allowed to cool
naturally. Based on the amounts chosen, the glass is expected to have the
following composition: Na,O (13.6 mol%), SiO, (24 mol%) and B,O, (62.4
mol%). However, when these samples were examined using a scanning
electron microscope/energy dispersive X-ray analysis, its spectrum revealed
a peak corresponding to aluminum which could have come from the
crucible. The resulting glasses are extremely hard and highly transparent
from violet to the infrared regions. A 60° angle prism was also made with
the same glass composition and then it was used to measure the refractive
index using the angle of minimum deviation technique. It's refractive index
is estimated as 1.49+0.01 and is found to be constant in the whole visible
wavelength region. To obtain rare earth ion doped glasses appropriate
quantity of rare earth compound was added to starting chemicals before they
were mixed.

(b) Preparation of a multicomponent Oxide glass
Multicomponent oxide glasses are prepared to improve the efficiency

of energy upconversion. With the following composition we were able to
make a glass that was efficient in upconverting excitation energy from near




infrai~d region to the visible region’: La,0, (2.3 mol%), PbO (13.7 mol%),
TeO, (28.7 mol%), MgTiO; (6.3 mol%), SiO, (25.3 mol%), B,0O, (21.9
mol%), and Ba;Y.-WO, (1.5 mol%). Appropriate amount of rare earth
compound was added to the starting batch of chemicals to obtain rare earth
ion doped glasses. The respective chemicals were measured, mixed
thoroughly and then poured into an aluminum crucible and heated at 800°C
for two hours and at 1200 °C for another two hours before pouring it out
into a mold. The amount of the rare earth compound added was such that
the concentration of the rare earth ion is ~10" to 102! /cm3.  The glass thus
obtained is strong and then polished on all sides using three different grades
of polishing powders as explained under glass polishing techniques.

(c) Preparation of a borate glass

A simple sodium borate glass was obtained by mixing sodium
carbonate (1 gram) and boric acid (2 grams) and melting it at 700 C for two
hours and then cooling the melt to room temperature. But it was found to
be brittle. Similarly, a ternary borate glass was also prepared by mixing
equal amounts of sodium carbonate, lead oxide, and boric acid and then
heating the mixture at 700 C for an hour.  The resulting glass was pale
yellow in color.

(c) Preparation of a Sulfate glass

About 65 mol% of ZnSO, and 35 mol% of K,SO, were mixed
thoroughly and then heated in a box furnace at 400 °C for two hours. Then
the mixture was cooled naturally. The resulting glass was transparent but
was found to be hygroscopic. Hence it was not pursued anymore.

6. Glass Polishing Technique

We have used silicon carbide (grit 600), aluminum oxide (9.5 micron)
and iron oxide (3.0 micron) powders in that order to polish the glasses. The
polishing powder was mixed with water and the resulting paste was spread
on a rotating disc covered with appropriate (grit size) polishing paper. Each
glass surface was polished on the disc manually for about 20 minutes with
each powder.




7. Table: Summary of glasses

Glass type Composition Melting point Remarks
sulfate K,SO,, ZnSO; 400 °C hygroscopic
borate Na, €O,, H;BO; 700 °C brittle
PbO
Silicate Na,CO,, SiO, 1600 °C highly viscous
borosilicate Na,CO;, SiO, 1350 °C transparent
H;BO, and strong
multicomponent  La,0;, Ba;Y;WO, 1200 °C strong and
Oxide glass PbO, SiO,, B,0; transparent above
TeO,, MgTiO, 400 nm




8. Energy Upconversion Studies in rare earth ion doped oxide Glasses

We have investigated the rare earth ion doped glasses and crystals for
energy upconversion studies. Energy level structure of the rare earth ions is
shown in Fig.l1. Sodium borosilicate glass was found to be transparent
above 340 nm. The energy levels of Pri*, Nd»* and Er* in  sodium
borosilicate glasses were identified from the absorption spectrum and were
found to be in their expected positions. Laser excited fluorescence was
recorded from these materials by exciting them with Ar-, YAG:Nd*,
Excimer pumped dye lasers and Ti:Sapphire lasers. When the E levels of
Nd3+ were irradiated with 514.5 nm we have detected very weak
upconversion signals at 380-460 nm at liquid nitrogen temperature.
Similarly, when the B levels of Er’* were resonantly excited with 797 nm,
we have detected weak green emission from the E levels at 548 nm at room
temperature. Such weak emission v .s mainly because of the large cut-off
phonon frequency of the host mat rial (sodium borosilicate). In other
words, the dominant relaxation mechanism of the upconverted energy levels
is nonradiative rather than radiative in this host’. To circumvent this
problem we prepared a multicomponent oxide glass having heavy metallic
elements. Because glasses are polycrystalline some of the rare earth ions
may have heavier elements in their immediate surroundings. In such cases,
those ions will relax radiatively. So it should be possible to detect efficient
upconversion. Accordingly, we synthesized a multicomponent oxide glass
containing heavier metallic elements as explained under glass preparation
(section 5(b)). The resulting glass was found to be strong, nonhygroscopic
and transparent above 400 nm. We investigated Er>* doped glass for energy
upconversion studies. When the B levels of the ion were resonantly excited
with 797 nm, we have detected strong energy upconverted emission at 548
nm from the E levels at room temperature. Such signals were detected
even for 50 mW of input laser power. This implies that heavy metallic
glasses doped with rare earth ions are favorable for energy upconversion
studies. In glasses the efficiency was limited by the nonradiative relaxation
of the excited levels.




9. Energy Upconversion in LaF;:Ho*

We have detected efficient energy upconverted emission at 416, 485
and 546 nm from the J, F and E levels of Ho3* when its D levels were
resonantly excited with a 636 nm dye laser. Intense upconverted emission
was detected® even when the material was pumped with 30 mW dye laser
beam. In this material the excited Ho>* ion is relaxing to the A level and
then is getting upconverted to the J levels by another photon of the pump
laser. The J levels relax to the lower F and E levels which were emitting
blue and green light. Their efficiency was estimated to be ~10 -4 When
this material was excited with a near infrared laser beam of ~800 nm laser,
we detected intense emission at 485 and 546 nm from the F and E levels. In
this situation also, the excited ion was relaxing tc the A state, that was
further excited to the G level, which relaxed to the lower F and E levels
causing them to emit 485 and 546 nm radiation.

10. Energy Upconversion in LaF;:Pr3

When LaF,:Pr3* was irradiated with 805 nm radiation we observed
intense and sharp green signal at 540 nm in addition to other weak signals
at 491 and 521 nm. Further work is in progress to identify the mechanism
responsible for the production of green light.

11. Energy Upconversion in MF,:Nd* (M=Ca, Sr, Ba, La)

We have detected energy upconverted emission from the L levels of
Nd3* in the violet region (350-400 nm) when these materials were irradiated
with an Ar* laser, a dye laser or a near infrared laser for exciting
respectively the E, D or S levels of the ion. Further work is in progress.

12. Third order Nonlinearity of Organic Dyes

When a material is exposed to light its molecules are polarized and its
polarizability is expressed as

P= yME + y@E2 + yOE +............ (D)
where ¥, @ and y© are the first, second and third order susceptibilities.

9




The absorption coefficient of organic dyes obeys the relation
o) = o,/ (1+ /L) (2)

where a, is its low power absorption coefficient and [ is its saturation
intensity for which the absorption coefficient is reduced by a factor of two.

Similarly, the susceptibility is expressed as

x(D) =0 /(A+1/1) = x° [1+I/L] =0 [1- VI, + (I/1)2 -.....] (3)
The polarization of the medium becomes

P= x(DE = [%°-x* (V) +x°(IVIg)* - .....]JE 4

P= %E - x°B¥/[;+ ... ; Since, I=E2 (5)

A comparison of equations (1) and (5) reveals that

x® = Constant /I (6)
Hence optical saturation exhibits third order optical nonlinear effects.
13. Organic dye doped systems

Organic dyes have low melting points. Hence the host material used
should also have low melting point, otherwise the dyes will decompose.
Hence the number and types of host systems for dye doping are limited. We
have studied the following dye doped systems.
Boric acid glass doped with organic dyes!o.!

Sucrose doped with Dyes

Polycarbonate doped with dyes!2

10
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The following dyes were Investigated:

Styryl 7
DCF, DCM, R110, R6G, Pyridine 1, Acridine Yellow
Coumarin 314 and 343

14. Preparation of boric acid glass doped with dyes

Boric acid glasses doped with dyes were made earlier by other
researchers also. However, we implemented a very simple method to
prepare the samples. Our method is described below. The melting point of
boric acid is 171°C. When boric acid melts it loses its water content and
forms boron trioxide. When boron trioxide crystallizes from melt it tries to
grow as microcrystallites and hence samples thicker than 100 microns
exhibit cracks. A microscope slide is preheated on a hot plate to reach the
melting point of the sample so that the dye does not decompose. A
measured quantity of the dye and boric acid were thoroughly mixed and
then spread on top of the heated glass slide. When the mixture melts another
glass slide was kept on top of the sample and was sandwiched by pressing
hard and simultaneously rubbing them against each other. The samples thus
obtained are uniform and some samples lasted even for three years. The
sample thickness was measured using a micrometer.

15. Preparation of sucrose samples doped with dyes

Sucrose melts at a temperature of about 200 °C. A measured quantity
of the sample is poured into a crucible and then introduced in a preheated
box furnace that was set at 200°C . After about 10 minutes a measured
quantity of the dye was added, mixed well and then sandwiched between
two microscope glass slides. The samples thus obtained are also in good
quality!3. However, after couple of weeks time the sample slowly
transformed into fluid state/syrup state in a humid room, because, sucrose is
hygroscopic. The samples lasted much longer if properly stored, when they
were not in use. But sucrose turned out to be very useful in characterizing
organic dyes. There is no limit on the thickness of the samples that can be
made.

11




" 16. Preparation of Polycarbonate doped with dyes

Polycarbonate has been found to be one of the toughest and most
durable thermoplastics known to the industrial community. It has a melting
point of about 350 °C and a refractive index of 1.586. Because of their
higher melting points these systems will have higher damage threshold than
the boric acid glass or sucrose samples. The polycarbonate sample is
available in the form small spheres ~1-2 mm and is white in color. A
measured quantity is laid on top of a microscope slide and was then heated
in a box furnace at ~350 °C for about 10 minutes. When it starts melting a
measured quantity of the dye was spread uniformly on top of it. When the
dye starts to melt another glass slide was kept on top of it and the two were
pressed together by simultaneously rubbing the two together. The samples
thus obtained are fairly uniform and are of good quality. A variety of
Rhodamines, Coumarines and other dyes could be easily doped into the
polycarbonate'2. These samples lasted for a very long-time. When these
samples are exposed to high irradiation powers, polycarbonate samples
were found to possess higher damage threshold than boric acid samples.
Hence, these samples may have applications in device making.

17. Excited state Absorption Studies

We also detected excited state absorption in the organic molecules
and was studied using pump-probe technique as well as saturation/
transmission data. When a single weak beam irradiates the sample its
transmitted intensity I (unpumped case) is given by

Iy=1,exp (-g,N 1) (7)

where [, is the incident beam intensity, o, is the ground state absorption
cross-section, N is the concentration of the dye molecules and 1 is the
sample thickness. However, when the sample is irradiated with a strong

pump beam there will be some population in the excited state as well. In
the (pumped) case the transmitted probe beam intensity is given by

I, =1, exp(-o,Nyl - oN1) (8)

12




where o, is the absorption cross section from the excited state, N, and N, are
the populations in the ground and excited states when a strong pump beam
is present.

N=N,+N, %)
N, =NI/(I + 1) (10)

At saturation intensity, N;=N/2. The change in absorption coefficient of the
probe beam due to excited state absorption is given by

Ad= @, - oty =N,(6,-0) = In (I/L )1 (11)

So, the transmitted probe beam intensity is measured with and without the
pump beam. When the pump beam is turned on, the transmitted probe beam
intensity decreases for 6,>0, and increases for ¢,<g,. Using this technique
we could establish clearly the presence of excited state absorption and its
relative magnitude with the ground state absorption. The transmission of
the sample is measured as a function of the incident intensity. The
absorption coefficients and the saturation intensity are obtained by
numerically integrating

dUdl = (o, +a)l (12)

and fitting with the experimental data. a, and a, are the ground and excited
state absorption coefficients.

o, = (ay/s) {1- tan-1V3s/¥3s} (13)
where the saturation parameter, s=I/I; and a, is the low power absorption
coefficient from the ground state. With this procedure we obtained

unambiguous values for the ground state and excited state absorption cross
sections for several organic dyest!.

13




18. Estimation of third order susceptibilities, x©

Third order susceptibilities for several organic dyes were estimated
using the values obtained for a, and I, from the transmission data, and by
substituting in the formula,

B = n2c2o(d+1)/24n20l; (14)

where 1 is the refractive index, ¢ is the speed of light, Is is the line
saturation intensity, &, is the low power absorption coefficient , § is the
normalized detuning parameter and © is the laser frequency. The third
order susceptibility has been measured for Styryl 7, R110, DCM, DCF, AY,
Coumarin 314 and R6G dyes!o-3.

19. Optical Phase Conjugate Studies(Degenerate Four-Wave Mixing)

In this experiment the sample is irradiated with three input beams and
the sample generates the fourth beam. In other words, two beams are used
to write a grating in the material and the third beam is used to read the
grating. The diffracted beam is also called the phase conjugate signal. The
diffraction efficiency, the response time and durability of the material are
dependent on the sample. The magnitude of nonlinearity is also found to
be dependent on the structure of the molecule. In dye doped systems
gratings can be formed due to modulation of electronic population in the
material and thermal gratings formed due to nonradiative relaxation of the
excited molecules. Hence the resulting gratings are complex and are a
mixture of amplitude and phase gratings. In addition, some of the
molecules may undergo photochemical changes in the excited state or may
be bleached when exposed to radiation. Hence there can be efficient
diffraction due to the formation of permanent gratings also. Some of the
molecules may undergo excited state absorption which can change the
magnitude of nonlinearity. Hence to make unambiguous estimate of its
nonlinearities one has to understand all the different processes undergone
by the molecules. In our studies we have detected the formation of
permanent gratings due to photochemical effects in Styryl 7 and Pyridine 1
dyes, thermal gratings due to nonradiative relaxation in Pyridine I, and
population gratings due to electronic excitation in all the dyes. Phase
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conjugate reflectivity is measured for all the dyes. In general these are in
the range 10-3-10-6.  In Styryl 7 doped boric acid glass we have observed
self diffraction and formation of permanent gratings due to photochemical
effects. The total phase conjugate reflectivity reached a value of 10%,
when the gratings were written for about 30 minutes in Styryl 7. In Pyridine
1 doped sample, we have detected oscillations in the diffracted signal due to
thermal effects.

20. Research Personnel: The principal investigator of this proposal B.R.
Reddy was supported by this project.

21. Students Participation

The following students are either directly or indirectly supported by this
project.

Mr. Anthony Ololo completed his M.S. thesis on the "Spectroscopic
investigation of silicate glasses doped with certain rare earth ions" at
Alabama A&M Universitys. He received financial assistance from this

project.

Mr. Andre Ellison an undergraduate student also received financial
assistance for sometime from this project. Mr. Andre Ellison and Mr. Paul
Williams (undergraduate students) gained hands on experience in making
and polishing glasses.

Ms. Shelia-Nash Stevenson (NASA employee) and M. Mahdi are working
towards their Ph.D. degrees on energy upconversion studies® in rare earth
ion doped crystals and are indirectly supported by this project by receiving
guidance from Dr. Reddy who has been supported by the AFOSR- Project.
They are also using the equipment purchased from this project.

22. Major Equipment Purchased
A high temperature furnace: Thermolyne, Model # F46110CM
A triple grating monochromator: Acton Research Corp., SpectraPro 500,

Model# SP-405 and accessories,
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A picoammeter: Keithley Model 485

A low temperature cryostat: RMC Cryosystems, Model LTS-LN,
23. Miscellaneous Supplies

Publication charges, Art work for drawings

Inorganic Chemicals, Organic dyes, Microscope slides

Crucibles, Stationery, A filing cabinet, Optical rail and mounts
furnace supplies, miscellaneous items (hardware supplies) etc.,
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24. SUMMARY AND CONCLUSIONS
(a) Energy upconversion studies useful for laser development

(1) We have developed oxide glasses doped with erbium ions which emitted
intense green light” at room temperature when pumped with a near infrared
laser beam ~800 nm.

(2) We have observed green and blue emission from LaF;:Ho’* ions at
room temperature® when pumped with a near infrared (~800 nm) or a red
laser beam (~640 nm).

(3) We have detected intense green emission from LaF,:Pr3* when pumped
with a near infrared beam of 805 nm.

(4) We have also detected violet energy upconverted signals from Nd3*
doped in CaF,, SrF, , BaF, and LaF, crystals.

(b) Nonlinear Optical Studies
We have detected optical phase conjugate signals in the following systems:

(1) Polycarbonate doped with Coumarin dyes (first time): This is the best
system known to us and has potential for practical applications?2.

(2) Sucrose doped with organic dyes: easy to make and useful in
characterizing the dyes.

(3) We have detected photochemical effects in dye doped boric acid glass
and are found to be useful for long term information storage!©.

(4) We have stored images in Styryl 7 doped boric acid films using an Ar
laser and retrieved the same using a He-Ne laser in the absence of writing
beams. We think that this system will have several advantages in the
demonstration of many optical effects!o,
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Nonlinear optical phenomena like phase conjugation. beam coupling. self diffraction. development of permanent gratings.
image storage/retrieval and photochemical effects have been demonstrated in a styry} dye doped 1n boric acid host. The third-
order nonlinear susceptibility was estimated to be = 1.7 107 esu and 1wo wave mixing gain coefficient was as high as 5. Self
diffraction effictencies into ~ | image were measured as a function of laser power. Phase conjugate reflectivities were measured

as a function of laser power and spaual frequency.

1. Introduction

An intense search is going on to find new optical
materials that exhibit large nonlinear susceptibili-
ties. have high damage threshold and easy to prepare
high quality samples because of their possible ap-
plications in several areas [ 1-8]. The organic mol-
ecules exhibit large polarizabilities because excited
n-bond electrons are delocalized and hence easily po-
larizaf)le. Thus. organic molecules doped in amor-
phous materials (glasses ) are turning out to be a class
of useful nonlinear optical materials. In these sys-
tems optical excitation easily gets saturated at low
light powers due to long lifettme of triplet states in
a condensed media. Because x‘*' is inversely pro-
portional to the saturation intensity [2] these sys-
tems exhibit large third-order susceptibilities = 1 esu.
The order of nonlinearity and the response time that
a system can exhibit depends on the structure of the
organic molecules as well. So. we investigated the
nonlinear optical behavior of a styryl 7 dye doped in
boric acid glass which exhibited several interesting
nonlinear optical phenomena and this is the most ef-
ficient system known to us in the category of organic
dye doped glasses.

2. Experimental

Appropriate quantities of the boric acid and dve

are mixed. meited and then sandwiched between two
microscopic glass slides so that the concentration of
the dye molecules is = 10'8-10°° molecule/cm’ and
typical thickness of the sample is about 100 pm. The
sample has absorption in the wavelength region 300-
500 nm and facilitates phase conjugate (PC) studies
with Ar” laser. However there was no absorption at
514.5 nm when lower concentrations of the dye were
used. Its fluorescence spectrum falls in the region
450-600 nm. The fluorescence lifetime was esu-
mated to be 385 us and there was no evidence for
phosphorescence even at longer times. Nonlinear op-
tical measurements were made in the two-wave mix-
mmg (TWM) and degenerate four-wave mixing
(DFWM ) configurations using Ar* laser. The beam
size was about 4-5 mm and unfocused. The signals
were detected with a PIN diode coupled to a pream-
plifier whose output was given to an \-1 plouer.
Some of the slowly varying signals were measured
with a highly sensitive power meter.

3. Results and discussion

in PC experiments the writing beams sirong pump
and weak probe interfere in the medium and gen-
erate a spatially periodic light mntensity distribution
which in turn modulates the electronic population of
the dve molecules. For a tvpical angular separation
(13%) of 488 nm (4) writing beams the grating pe-
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riod. .1 is found to be 2.15 pm. Some of the exci-
tation energy is transferred to the host medium dur-
Ing nonradiative relaxation processes thus
modulating the temperature and hence the refractive
index of the medium. Thus in the medium a com-
piex grating can be generated that involves changes
in absorption as well as phase. The physical thick-
ness of the sample in our case is 100 pm but its ef-
fective op:ical thickness [9) 4 is 43.6 um for a typ-
ical transmission of 0.49 and absorption cosinicien:
of 117 cm~". The gratings are thus inclir.ed 10 thick
regime because d> 2A42/A.

The existence of a graiing can be probed in several
ways. In the standard TWM configuration, in ad-
dition to the transmitted beams higher-order dif-
fraction spots up to second order also appeared on
either side. Such self diffraction effects occur when
the magnitude of the nonlinearity is high. For typical
pump (5.3 mW) and probe (1.8 mW) beam powers
used, the transmitied probe power was 0.35 mW in
the absence of the pump beam and its value in-
creased with time as soon as the pump t#am was
turned on and reached a value of 1.7 mW after half
an hour. This value represents a TWM 3ain of about
5. Such effects occur when beam coupling/energy
transfer is predominant. The diffracted powers from
the stronger pump beam into +1 image (which is
along the transmitted probe beam direction) and +2
image aré in the ratio of 1400: 1. The +{ image and
~ 1 image are at equal angular separations on either
side of the strong pump beam. The power diffracted
along the +2 image and — 1 image are of the same
order of magnitude. When the probe was blocked the
signal showed a fast decay followed by a slow decay
which revealed the presence of traasient as well as
permanent gratings in the medium and the signal
along +1 image decayed with a time constant of
about 77 min. During the initial period the grating
growth was found to be nonlinear and varied quad-
ratically with time. Diffracted signal efficiency into
— 1 image is plotted as a function of power and is
shown n fig. | for two different times after the pump
beam was turned on. The efficiency curves are linear
at 15 mun for all the laser powers used but nonlin-
earity sets in after S0 mW of laser power at 30 min.
For normal incidence the diffraction pattern ob-
1ained with these graungs is found to be similar to
that of a spectroscopic transmission grating {10} and
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Fig. 1. Laser power dependence of diffraction efficiency into — !
image measured at (a) |5 min. (b) 30 mun. after the purnp beams
were turned on in the TWM configuration.

the diffraction efficiency of such gratings is directly
proportional to the incident power but is indepen-
dent of laser wavelength. Once a grating of sufficient
magnitude was developed the sample was stored for
two months, and later on the same sample diffracted
incident laser beams along + 1 image direction. This
can happen only if a permanent grating was devel-
oped because of a photochemical change undergone
by the excited molecules. In that case photochemical
effects should occur even when a single beam irra-
diates the sample. When an unexposed area of the
sample was irradiated with a single laser beam of 488
nm its transmitted intensity increased by about 1%
after half an hour. At 458 nm the absorption was very
high and the transmitted power was very much less
or absent in the beginning. But a few minutes later
transmission appeared and kept on increasing. This
strongly supports our idea that photochemical ef-
fects are present and the excited molecules slowly
underwent a photochemical change so that they can
no longer absorb light thus increasing the transmis-
sion. Such photochemical effects were found to be
negligible or absent if the laser wavelength falls in
the tail of the absorption spectrum or outside (e.g..
at 514.5 nm). Photochemical effects were observed
in other systems aiso [11,12] but in our system the
gratings are permanent and lasted much longer than
in other systems.

DFWM experiments were performed in the stan-
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